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Abstract 
The product design process has been defined as a process which gathers multiple stakeholders working together during different steps to define 
a final product. Stakeholders have to approach the decision-making process effectively in order to design a product according to the wishes of 
the client. Phases in which decisions are made are mainly when stakeholders collaborate during design meetings using collaborative tools. 
Currently, various collaborative tools can be used in every situation of the product design process, but the choice of the most effective one is 
not easy. This article presents the first step toward a quantitative approach to evaluating collaborative tools. We focus on defining modifications 
to project data and on the impact of design meetings on the evolution of the project data. The conceptual approach of this paper is illustrated 
through an example. 
© 2014 The Authors. Published by Elsevier B.V. 
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1. Introduction 
Nowadays, engineering companies are facing an increasing 
demand to design products in a shorter time and at a reduced 
cost. To be competitive, these companies have to improve 
collaboration among the people involved in each phase of the 
design process, from the definition of the task to the detail 
design phase [1]. Currently, most product design projects are 
conducted by multidisciplinary teams involving people in 
different locations, and various collaborative tools are used to 
support the design meetings among these remote players. For 
instance, the contribution of ergonomists to a design project 
involves collaboration between various people throughout the 
course of the design project [2]. More precisely, during these 
meetings, decisions concerning product development are made 
through convergence phases [3].  
Today, various collaborative tools exist to serve different 
purposes. The challenging question is: which one should be 
favored? To help people decide which tool they should use, 
current evaluations of these collaborative tools are based on 
their usability and their effectiveness. Most of the time, these 
evaluations are subjective and are only applicable during a 
particular phase of the design process. Thus, the impact of the 
decisions that are made using the collaborative tool is not 
shown across the whole design process. As a result, it is not 
known whether the decision will last. In order to observe this 
process, one possibility is to follow the product data being 
generated and manipulated during the whole lifecycle of the 
product. Our objective is to propose an objective evaluation of 
collaborative tools, based on the observation of the product’s 
data in the design process.  
2. Current evaluation of collaborative tools 
Collaborative tools are used to help stakeholders involved 
in the product design process by supporting their interactions 
and meetings [4]. They can be used throughout the design 
process and are developed in various formats (e.g. interactive 
whiteboard [5], interactive table [6], virtual reality [7] or 
mock-up [8]). Once the collaborative tool has been chosen and 
used, it must be evaluated in order to determine its 
effectiveness. The goal of the evaluation and its organization 
has to be defined. Antunes et al. have defined a detail 
framework for evaluating a collaborative system based on six 
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variables and three performance levels [9]. The variables 
make it possible to define the theoretical, methodological and 
practical issues involved. The performance levels make it 
possible to attribute an importance to the variable criteria.  
The application of this theoretical approach is based on the 
definition of two kinds of evaluations of the use of 
collaborative tools: the use-based evaluation and the result-
based evaluation. These evaluations are mainly based on the 
use of collaborative tools as observed through the 
stakeholders’ interactions [10] while studying their actions 
and verbalizations [11]. In some other case, this evaluation is 
based on interviews and recording of the project [12]. 
Thus, we assume that once the collaborative tool has been 
developed, the authors evaluate it according to two criteria: 
Exchanges (Ex) and Results (Re). These criteria give 
qualitative and quantitative information about the use of 
collaborative tools, but only in a particular phase. As we have 
seen, collaborative tools are evaluated in order to validate the 
use of the tool in a precise situation. The evaluation is not 
carried out to know the impact of the use of the collaborative 
tool on the whole design process. There are a lot of solutions 
to support collaborative product development, but a single 
solution cannot be defined [13]. Thus, the aim of this paper is 
to propose a new and complementary criterion for the 
evaluation of collaborative tools. This criterion is based on the 
evolution of the data throughout the design process, called Ev, 
and represents the evolution of the project data. The aim of 
this criterion is to help the designers to make the better choice 
of collaborative tool during the product design process. The 
definition of the suitability of a collaborative tool can be based 
on three criteria (1): 
 Re, Ev) f(Ex, toolivecollaborat  theofy Suitabilit            (1) 
The next section focuses on determining how data evolves 
during a product design process. 
3. Evolution of project data 
The product design process was defined by numerous 
authors in the 1990s [14], [15] and is divided into different 
steps. For instance, Pahl et al. [1] defined four steps with 
some major states of the data: the definition of the 
requirement list, the choice of a concept, the final layout and 
the product documentation, which define the final solution.  
Today, to trace the evolution of the product design process, 
the Product Lifecycle Management (PLM) approach is used 
[16]. This approach makes it easier to record, store and reuse 
all data related to design projects (e.g. the product design 
requirement or the Computer Aided Design (CAD)). 
Moreover, the PLM approach is now included in the 
development of the CAD systems in order to propose 
complete solutions [17]. Therefore, all aspects of the design 
project, including the industrial design, the ergonomics and 
the simulation can be included and traced during the product 
design process [18]. Knowing the traceability of the product 
design process, it is easier to define the evolution of every 
project data item. A data item is an element of information 
exchanged between the stakeholders during a project [19]. 
Data evolves during the product design process, and its final 
state is reliable when it is validated and will not be modified. 
This evolution is defined as data maturity [19], [20] and can 
be obtained in a subjective way, based on the judgment of 
stakeholders. However, in this paper, we argue that data 
evolution can be defined in an objective and a quantitative 
way. Two points of view can be used to define the data 
maturity. 
The first one is global since it can be used throughout the 
entire design process. The data maturity evolves throughout 
the design process, reaching 100% by the end of the project 
(Fig. 1). 
Fig. 1: Evolution of the global data maturity throughout the project 
The second one is local since it is based on a particular 
design phase. During the product design process, phases of 
collaboration occur when stakeholders work together. During 
the phases of cooperation, stakeholders pursue their own 
goals. Thus, a design meeting can be defined as collaboration 
phases when decisions about the project are made [21]. Before 
participating in a design meeting, stakeholders have to reach 
particular goals. We assume that, during a design meeting, the 
stakeholder proposes a data with every local goal achieved. 
Thus the local data maturity reaches 100% before the design 
meeting. This hypothesis is only valid from a local point of 
view, according to each of the stakeholder’s local objectives. 
Indeed, the global maturity of the data cannot reach 100% 
before each meeting because, in that case, the meeting would 
be flawless and there will be no modifications. By the end of 
the meeting, every decision that is made has an impact on the 
local objectives of each stakeholder and, consequently, data 
maturity is affected (Fig. 2).  
Fig. 2: Evolution of the local data maturity during a design meeting 
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In this figure, V0 and V1 correspond to the versions of the 
CAD model, and DM1 corresponds to the design meeting. 
4. Problem and hypothesis 
We have seen that every step of the design process is 
linked with the other steps. The combination of all data in the 
design process defines the design product, and changes in data 
represent the evolution of the product throughout the design 
process. In this paper, the problem is to define a qualitative 
criterion that represents the impact of the use of collaborative 
tools on the evolution of the product design process.  
The product design process is a complex system that 
involves many points of view, including social, changes and 
knowledge. Thus, the cause of changes to project data can be 
organized in three layers [22]: social, change and product 
layer.  
The social layer represents the organization level, 
including the people involved and their relationship to one 
another. So, it is possible to describe every person involved in 
each phase of the design process and the means of 
communication used. Thus, a collaborative tool can be used to 
ease the construction of shared meaning in order to avoid a 
communications breakdown [23]. 
The change layer represents the change propagation of the 
process. The propagation of the changes is defined with the 
change prediction method [24]. This method first defines the 
different sources of the change, which can be emergent or 
initiated. Then, the type of propagation is defined according to 
the degree of absorption and the degree of propagation of the 
part or the system [25]. 
The product layer represents the product definition, and 
this paper focuses on this layer. Insofar as the proposed 
approach is toward a first step, we make the first hypothesis 
that the evolution of the data can be represented through the 
development of a CAD model. CAD models were first 
developed in the aviation and automotive industries in order 
to allow the designer to carry out solid modeling. They still 
are the main representations of project data. It is commonly 
known that the CAD model is the representation of the project 
data mainly in the embodiment phase of the product design 
process and can be modified by the mechanical designer. 
Moreover, other domains use the CAD model to make 
calculations, to represent the use via numerical mannequin or 
to represent the kinematics. This representation can be used 
directly or it can be transformed via collaborative tools (e.g. 
virtual reality, stereoscopic screen, virtual worlds etc.). At the 
end of the meeting, the decisions made will have an impact on 
the model which should be modified.  
The second hypothesis developed in this paper is that the 
evolution of the CAD model can be defined through the 
evolution of its modifications.  
The third hypothesis is that the modifications of the CAD 
model are caused by the use of collaborative tools during 
design meetings. 
To confirm these hypotheses, we propose to define the 
modification of the CAD model quantitatively and to apply 
this calculation to an industrial case. 
5. Modification rate of the CAD model 
As defined in the previous section, design meetings are a 
collaborative phase between various project stakeholders. 
During these meetings, the decisions that are made will cause 
changes to the CAD model through the modification of each 
stakeholder’s local goals. Thus, the different parts of the CAD 
model will be modified, and it is possible to calculate the 
modification rate. We assume that the modification rate of a 
CAD model depends on 1) the modification type (Mt), 2) the 
importance rate of the CAD part (Ip) and 3) the importance 
rate of the modification (Im) (2). 
) f( Im Ip, Mt,rateon Modificati                                        (2) 
The modification type (Mt) corresponds to the different 
kinds of modifications that can be carried out on a CAD 
model. There are three possible types: the modification of an 
existing part (pm), the creation of a new part (pc), or the 
destruction of an existing part (ps). In the modification rate 
formula, the modification type concerns only the creation of a 
new part (pc) or the modification of an existing part (pm), 
because destruction is included in the comparison of CAD 
model versions throughout the design process.  
The importance rate of a CAD part (Ip) depends on two 
variables: its impact on the design functions (α1) and its 
impact on the CAD environment (α2). It is defined as the 
average of these two variables. 
The impact of a part on the design functions (α1) is the 
definition of the link between a part of the CAD model and 
the functions of the design project (i.e. functional, ergonomics 
and aesthetics [26]). To reflect the importance of the various 
functions of the project relative to the others, it is necessary to 
weight each function. The value engineering method defines 
the flexibility of each function according to its importance 
[27], [1]. This weighting is carried out by players during the 
definition of the design function. The first variable (α1) is 
between 0 and 1, where 1 means that the part is essential for 
the design product.  
The impact of a part on the CAD environment (α2) is the 
link between a part and the other parts of the CAD model. 
This link is defined with the Design Structure Matrix (DSM) 
representation [28]. As the functional importance, this 
variable (α2) is between 0 and 1, where 1 means that the part 
is linked with all the other parts.  
The importance rate of the modification (Im) of a part is 
the degree of the modification of the part. This variable has to 
be defined by the designer and is subjective. In order to help 
set this variable, a scale of importance is defined from 0 to 1 
according to the importance of the modification, where 1 
means that the modification is very important. Moreover, the 
number of changes of the CAD part features can be calculated 
to help defining this variable. 
The modification rate is the sum of each importance rate of 
the parts created (αc) and the parts modified (αm), multiplied 
by the importance rate of the CAD part modification (Im) and 
divided by the sum of the importance rate (α) for all parts of 
the CAD model (3).  
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The modification rate has been defined, and the result will 
be a value between 0 and 1. It is possible to express this as a 
percentage by multiplying the modification rate by 100. In the 
case of a significant modification, the number for a modified 
part is high, so the modification rate is important. If this rate 
is close to 1, this indicates that the modification is significant. 
Once this rate is determined, we determine the impact of the 
modifications to the CAD model on the evolution of the 
project data. 
6. Impact of the modification rate on the project data 
We saw in section 3 that the project data changes 
throughout the product design process and can be modified as 
there are changes to parts of the project, the requirements 
change or the use of collaborative tools changes. Moreover, in 
section 4, we saw that the modification to project data can be 
calculated according to the type of modification and the 
importance rate of the part. We now propose to link the 
modification rate with the evolution of the project data.  
To represent the evolution of the project data through the 
data modification, we have recorded design meetings and 
stored the decision-making process. We consider in the 
product layer that a new version of the CAD model is made 
after each design meeting, based on the previous version with 
the addition of each modification. We made the hypothesis 
that, before each design meeting, the presented version is 
complete based on the definition of the designer’s objective. 
So, we consider the data to be complete at the beginning of 
the design meeting because the designer has completed every 
objective that was previously defined. After the project, new 
objectives will be defined based on the decisions that are 
made and the completeness of the data changes. Figure 3 
shows the flowchart of the CAD modeling process. 
The expression of the data completeness depends on the 
modification rate and the number of parts of the various 
versions. It is expressed as a percentage (4). In this formula, 
Pn-1 represents the number of CAD parts of the CAD model 
before the design meeting, and Pn represents the number of 
CAD parts of the CAD model after the design meeting. 
100rate)on modificati( sscompletene Data u 
n
1n
p
p
              (4) 
This rate represents the impact of the modifications on the 
design CAD model. It is calculated in order to express the 
usefulness of the collaborative tool used during the design 
meeting. If the design meeting has caused a lot of 
modifications to the CAD model, the data completeness will 
be low. We propose that the impact of the use of a 
collaborative tool is shown on a graph representing the 
evolution of the project data. In an optimal design process, the 
modification of the project data should be important at the 
beginning of the project and then decrease until the final 
version with no more modifications (Fig. 4).  
Fig. 3: Flowchart of the CAD modeling process 
Fig. 4: Evolution of the project data maturity through the local and global 
point of view 
We observe in Figure 4 that the combination of the 
representation of the local data maturity represents the global 
data maturity. Thus, we can see the impact of every use of a 
collaborative tool during design meetings through the whole 
design process. Our approach is to observe the decrease of the 
data completeness to understand the impact of the 
collaborative tool. When the percentage of data completeness 
of a version is lower than the previous version, we assume 
that the collaborative tool being used has caused more 
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modifications than the previous one. Therefore, the 
collaborative tool used has not been efficient. We applied our 
approach to a real case of CAD model modification after the 
use of collaborative tool during a design meeting. 
7. Application case 
Our test involved one mechanical engineer with seven 
years of experience at the IRTES SeT laboratory at the 
University of Belfort-Montbéliard in France. The experiment 
consisted of observing a CAD model modification. The 
engineer had to design a pencil based on functional 
requirements. A first version of the CAD model of the pencil 
already existed. The pencil model is a four-color pencil 
composed of 15 parts. Once the model was completed based 
on requirements, a design meeting took place, and the CAD 
model was modified. During the meeting, the collaborative 
tool used was a stereoscopic screen with the use of CAD 
modeler, with two mechanical engineers in attendance. After 
the design meeting, they decided to change one functionality 
of the pencil thus, one part was removed (P15), one was 
modified (P1) and two were added (P15’, P16). The first step 
of the calculation is the definition of the modification type 
and the importance of the parts in the CAD model. Thus, the 
importance rate α of each part is calculated as follows (Table 
1). 
Table 1: Importance rate of the parts of the CAD model 
Parts P1 P2 P3 P4 P5 P6 P7 P8 
α 0.8 0.6 0.4 0.4 0.4 0.4 0.4 0.4 
Parts P9 P10 P11 P12 P13 P14 P15’ P16 
α 0.4 0.4 0.2 0.2 0.2 0.2 0.4 0.1 
 
Once the importance rate of every part has been calculated, 
the modification rate is expressed. The part 1 has been 
modified and the part 15’ and the part 16 have been created.  
2.0
8.5
1.04.08.0rateon Modificati                                      (5) 
We observed that 20% of the CAD model was modified (5). 
This rate is only valid for a particular version (i.e. in a local 
point of view based on the mechanical engineer 
representation). The data completeness is then calculated to 
represent the evolution of the project data, taking into account 
the destruction of parts from one version to another (6).  
73100)2.0
16
15(sscompletene Data  u                              (6) 
With the calculation, we can observe that after the design 
meeting, the destruction of one part, the modification of 
another and the creation of two parts have had an impact on 
27 percent of modification of the data completeness.  
Through this application case, we have calculated the 
impact of one design meeting on the modification of the CAD 
model. We can conclude that these modifications are not 
important because only one quarter of the product has been 
modified. However, we cannot declare whether this 
modification rate means that the collaborative tool chosen was 
the better one or not. The aim of this application was to 
validate the formulas. 
In order to validate this approach, we have to apply this to 
an industrial case in order to observe the evolution of a long-
term design project. 
8. Discussion 
Collaborative tools are being used increasingly more often 
during the product design process by various stakeholders to 
help make decisions about the project. In this paper, we have 
proposed a conceptual approach in order to evaluate the use of 
collaborative tools during a product design process. We have 
assumed that the local maturity of the project data can be 
calculated and that the design meeting occurs when the 
stakeholders have reached their local goals. The aim of the 
design meeting is to make decisions about the project. Thus, 
we have based this article on the calculation of the 
modification rate for the CAD model after the use of 
collaborative tools.  
The results obtained in the application case validate our 
hypothesis. First, we calculated the modification rate for the 
CAD model based on defined variables. This calculation 
allows us to understand the impact of the decisions on CAD 
model modifications. Secondly, we represented the evolution 
of the project data through the CAD model evolution. This 
evolution is traced throughout the design process, and at the 
end of the design project, there are no more modifications. 
Thus, we confirm our hypothesis that the use of collaborative 
tools has an impact on the project data evolution. The 
limitation of this approach is that we assume that stakeholders 
have reached their local goal before going to the design 
meeting. We must also trace the evolution of the local 
objectives of stakeholders. Moreover, the expertise of the 
stakeholders can be more important than the collaborative tool 
in order to take decisions about the project.  
9. Conclusion  
This article describes an objective evaluation of 
collaborative tools used during the design process. The 
current evaluation methods are only valid within a precise 
time and are based on the use of the tool and on the results. 
We propose a new criterion to evaluate collaborative tools 
based on the evolution of project data. Data changes into 
different states during the design process, from the definition 
of the design requirement to the definition of the final 
product. This evolution can be stored with the PLM approach 
and then be represented. Thus, with the observation of the 
impact of a collaborative tool on the evolution of the project 
data, it is possible to evaluate its effectiveness. We have 
defined variables for the modification rate of a CAD model 
and the data completeness. These variables help us represent 
the impact of a collaborative tool on the modification of the 
project data. The next step of our research is to validate the 
formulas by applying them to an industrial case. With the 
293 Damien Fleche et al. /  Procedia CIRP  21 ( 2014 )  288 – 293 
application of a product design project development, we 
should observe the impact of the use of various collaborative 
tools on the modification of the project data. 
The limit of this approach is that it focuses only on the 
product layer. During a product design process, the 
modification of the data can be the cause of multiple factors. 
Jarratt et al. [25] showed that the source of the change can be 
emergent, corresponding to changes caused by the design 
process, or initiated, corresponding to changes caused by 
external factors. Thus, the change layer includes the 
representation of every cause of the change in the design 
process and has to be studied. The impact of the use of a 
collaborative tool on the modification of the project data is 
one part of a more global cause of the changes. Moreover, the 
social layer includes the participation of the various 
stakeholders. So, different people may be present during 
design meetings and not necessarily at the same time. In this 
case, a decision can be made by one person and changed later 
by someone else in the design process. Finally, we have to 
study the expertise and knowledge of the stakeholders that 
may have an impact on the decisions made, undependably of 
the chosen collaborative tool.  In this article, we have only 
focused on the definition of an indicator to represent the CAD 
model changes. This approach must be considered as a first 
step in order to link the use of collaborative tools with the 
evolution of project data. To be more global, all three layers 
should be taken into account.  
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